as intermediates of (bio)catalytic nitrogen fixation, yet experimental evidence to support this hypothesis has been lacking. In particular, no prior synthetic examples of terminal Fe≡N species have been derived from N 2 . Here we show that a nitrogen-fixing Fe-N 2 catalyst can be protonated to form a neutral Fe(NNH 2 ) hydrazido(2−) intermediate, which, upon further protonation, heterolytically cleaves the N-N bond to release [Fe IV ≡N] + and NH 3 . These observations provide direct evidence for the viability of a Chatttype (distal) mechanism for Fe-mediated N 2 -to-NH 3 conversion. The physical oxidation state range of the Fe complexes in this transformation is buffered by covalency with the ligand, a feature of possible relevance to catalyst design in synthetic and natural systems that facilitate multi-proton/multi-electron redox processes.
The chemistry of high valent iron plays a central role in many challenging chemical transformations. 1 For example, the heme oxygenases, as in the cytochrome P450 superfamily, hydroxylate unactivated C-H bonds via oxoferryl (Fe IV =O) intermediates derived from the heterolytic reduction of dioxygen (Fe II ), and by analogy to Fe-mediated catalytic O 2 reduction, we have proposed that Fe-mediated (bio)catalytic nitrogen (N 2 ) reduction to generate ammonia (NH 3 ) might proceed heterolytically at a single Fe site (Fe I + N 2 + 3 H + /3 e − → Fe IV ºN + NH 3 ; Scheme 1B).
3 Such a scenario would be similar to that originally proposed by Chatt for molybdenum-mediated N 2 -to-NH 3 conversion, 4 and thought to be operative in the catalytic cycles of known Mo catalysts for this reaction. 5 Whereas terminal FeºN complexes have been shown to liberate NH 3 via reductive protonation, 3a, 6 such FeºN species have to-date been generated by N-atom transfer reactions from azide (N 3 − ) or alternative reagents, not from N 2 .
3a, 6-7 Hence, their potential role in synthetic or biological N 2 -to-NH 3 conversion catalysis has remained unclear.
Our recent discovery that the anionic N 2 complex [(P 3 B )Fe(N 2 )] − (P 3 B = tris(o-diisopropylphosphinophenyl)borane) catalyzes N 2 -to-NH 3 conversion has positioned us to probe the mechanism(s) by which the key N-N cleavage step occurs in a catalytically-functional Fe system. 8 Of particular interest has been to distinguish between an early Chatt-type cleavage pathway (a distal mechanism via an FeºN intermediate), versus a late-stage cleavage pathway (an alternating mechanism via an Fe-N 2 H 4 intermediate).
9 While we have considered the possibility that both scenarios might be viable, 10 a key feature of the tri(phosphine)borane Fe system is its structurally and electronically flexible Fe-B interaction, which allows access to both reduced trigonal bipyramidal Fe(N 2 ) species as well as, in principle, pseudo-tetrahedral terminal FeºN. 12 While this protonated complex represents a distal intermediate en route to NH 3 , a key question is whether, upon further reduction, a distal mechanism is maintained, or cross-over to an alternating pathway occurs instead. 10, 12 To probe further steps in the catalytic N 2 fixtion mechanism, we therefore sought access to the one-electron reduced hydrazido complex (P 3 B )Fe(NNH 2 ) to evaluate the viability of N-N bond cleavage via subsequent protonation. + salt of [(P 3 B )Fe(N 2 )] − with KC 8 in dimethoxyethane (DME) followed by crystallization enables the isolation of [Na (12-crown-4) 2− reacts cleanly with both acids to form a new species in ca. 90% yield with δ = 0.14 and |ΔE Q | = 1.63 mm s −1 ( Fig. 1C and S21A) over the course of ~15 min. These parameters are similar to those of the diamagnetic hydrazido complex [(P 3 Si )Fe(NNH 2 )] + (δ = 0.13 and |ΔE Q | = 1.48 mm s −1
), 10 and we therefore assign this species as the isoelectronic, isostructural, neutral hydrazido (P 3 B )Fe(NNH 2 ) in an S = 0 ground state (Scheme 1D). Unlike its silyl analog, (P 3 B )Fe(NNH 2 ) is very thermally sensitive, decomposing in solution within 15 minutes upon warming to 195 K. To further cement our assignment, we prepared the isoelectronic but more stable alkylhydrazido(2−) complex (P 3 B )Fe(NNMe 2 ) as a spectroscopic model. Alkylhydrazido (P 3 B )Fe(NNMe 2 ) has been structurally characterized and its Möss-bauer spectrum reveals parameters very similar to those observed for (P 3 B )Fe(NNH 2 ) (Fig. 1B, E) . We note that although the ground state of (P 3 B )Fe(NNMe 2 ) has S = 0, this alkylhydrazido possesses a low-energy triplet (S = 1) excited state (Fig. S35, Table S14 ), which is also expected for (P 3 B )Fe(NNH 2 ) on the basis of computational studies (Table S16 ).
Mixing [(P 3 B )Fe(N 2 )] 2− with either acid in excess for longer times produces a new species in the Mössbauer spectrum as the major Fe-containing product (≥ 50% yield with TfOH; Fig. 1D , we turned to Fe K-edge X-ray absorption spectroscopy. The XANES spectrum of (P 3 B )Fe(NNH 2 ) features two moderate intensity resonances in the pre-edge region separated by 4.3 eV (Fig. 2A) . The XANES spectrum of (P 3 B )Fe(NNMe 2 ) displays two resonances of similar intensity separated by 4.1 eV, but red-shifted by ca. 0.3 eV, consistent with replacement of the N-H substituents with more electron rich N-Me ( Fig. 2A, Fig. 1F ). As observed previously for the C 3 -symmetric Fe(IV) nitrides (PhBP + is dominated by an intense resonance at 7112.1 eV integrating to 87 units ( Fig. 2A) . Based on the purity of the XAS sample (Fig. S25B) , this integration represents a lower limit of the true intensity of the resonance. This resonance is attributable to a transition from the 1s to an a 1 -symmetry orbital with significant Fe 4p and ligand 2p admixture (vide infra). This imparts dipole-allowed character to the transition, and is a hallmark of Mto-N/O multiple bonding. [16] [17] Furthermore, the pre-edge spectra of (P 3 B )Fe(NNH 2 ) and [(P 3 B )Fe≡N] + predicted by time-dependent density functional theory (TD-DFT) are in very good agreement with those observed experimentally (Fig. 2B) .
3
The EXAFS region reveals a short Fe-N bond of 1.65(2) Å in (P 3 B )Fe(NNH 2 ) (Fig. 2D) , which compares favorably with that predicted by DFT and observed experimentally for model complex (P 3 B )Fe(NNMe 2 ) (Fig. 2C, Fig. 1F ). Upon cleavage of the N-N bond in (P 3 B )Fe(NNH 2 ) to form [(P 3 B )Fe≡N] + , the Fe-N bond contracts to 1.54(2) Å (Fig. 2E, Fig. 1F (Fig. 2C-E) . 4 (3d xy , 3d x 2 −y 2)1a 1 2e(3d xz , 3d yz )ñ configuration for a C 3 symmetric, formally Fe(IV) nitride. 3a, 7e The low energy of the virtual 1a 1 orbital has been explained in terms of (i) an axial distortion which reduces the σ* character of the orbital with respect to the equatorial ligands, and (ii) by 3d-4p mixing. In [(P 3 B )Fe≡N] + , the 1a 1 orbital is additionally stabilized by a bonding interaction with the vacant B 2p z orbital (Fig. 3B) . A Löewdin population analysis of this orbital reveals nearly equal distribution among the Fe, N, and B atoms, with identical Fe 3d (9.5%) and 4p (9.1%) character. The significant amount of predicted ligand 2p character of this orbital (43%) is consistent with the intensity of the first pre-edge transition observed for [(P 3 B )Fe≡N] + , which is not expected on the basis of the 3d-4p mixing alone. [16] [17] [18] Based on these collective data, we propose the sequence of reactions shown in Scheme 1D. )Fe≡N] + under identical conditions (~50% Fig. S24A) We have shown that two reductants, KC 8 and Cp* 2 Co, can drive catalytic N 2 fixation in this system, yet only KC 8 is sufficiently reducing to access dianion [(P 3 B ) 12 We estimate the reduction potential of this species to be ≥ −1.2 V based on the alkyl congener (Fig. S32) type Fe-to-B σ-backbonding, 20 in addition to π-backbonding with the phosphines. Indeed, the presence of pre-edge transitions in the XANES spectrum of [(P 3 B )Fe(N 2 )] 2− , which is reproduced by TD-DFT, requires a physical oxidation state d n with n < 10 ( Fig. 2A,  B) . The physical oxidation state range of Fe is buffered by these soft electron-accepting interactions, which allow e − to be stored in covalent Fe-B/P backbonding interactions until transferred to the N-N unit upon protonation. , D) , is thus facilitated by load-sharing of the reducing equivalents between Fe and the ligand. In this way, the redox behavior of the (P 3 B )Fe unit crudely models that of a metallocluster, in which the potential range of multi-electron processes is compressed by delocalization of electrons/holes among many metals.
21 Analogy may also be made to the reduction of O 2 to ferryl (Fe IV =O) and H 2 O mediated by heme cofactors, in which the last reducing equivalent necessary to cleave the O-O bond is derived from the porphyrin and/or thiolate ligand (Scheme 1A). 2a The generation of a terminal Fe IV ≡N from the reductive protonation of N 2 validates the previous hypothesis that a mononuclear Fe N 2 fixation catalyst can support the range of formal oxidation states required to stabilize both π-acidic N 2 and π-basic N 3− ligands.
3b However, this transformation is facilitated by covalency with the ligand atoms, which buffers the physical oxidation state range of Fe in this system, a feature of potential relevance to biological N 2 fixation, where the multimetallic [FeS] assembly may serve a similar function.
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